The transport enzyme Na,K-ATPase has been localized to several different cell types within the inner ear by enzyme cytochemistry, immunohistochemistry, and in situ hybridization. Although these histochemical procedures have provided a fairly consistent pattern of the enzyme's distribution, the precise location of Na,K-ATPase in the cell membrane of some polarized and non-polarized cell types remains uncertain. We addressed this problem in the gerbil cochlea using electron m i m p i c immunogold cytochemistry. The results confirmed prior ultrastructural localization of Na,K-ATPase along the basolateral plasma membrane of strial marginal and outer sulcus epithelial cells but differed from a previous report in failing to detect the enzyme at the surface of strial intermediate cells. The Fmdings also concurred with and
Introduction
Whereas perilymph in the inner ear resembles most other interstitial fluids in containing low K' and high Na+, endolymph has an ionic composition characterized by high K+ and low Na', similar to intracellular fluid (2, 17, 22, 30) . The unique ionic composition of endolymph, along with a highly positive endocochlear potential, are essential to mechanoelectric transduction by hair cells and to normal hearing (3J1.12). Maintenance of both the ionic composition of endolymph and the endocochlear potential depends on the activity of Na,K-ATPase (11, 12, 19, 22) . This enzyme, which utilizes energy from ATP to exchange cytoplasmic Na' for extracellular K+ against their concentration gradients (28,29), occurs in abundance in the cochlea, where it plays a major role in regulating ion and fluid homeostasis.
Questions still remain concerning the precise distribution of Na,K-ATPase in the cell membrane of certain polarized and nonpolarized cell types, despite studies that have mapped the enzyme in cochlea by enzyme histochemical (1, 6, 9, 10, 15, 37) , immunohistochemical (7, 8, 14, (24) (25) (26) 32, 36) , and more recently in situ hybridization procedures (21) . Such knowledge, as is provided here Supported by NIH Grants DC00422 and DC00713. Correspondence to: Dr. Koh Nakazawa, Dept. of Pathology & Lab Medicine, Medical University of South Carolina, 171 Ashley Ave., Charleston, SC 29425. extended previous work in showing immunogold labeling along the entire cell membrane of non-polarized Type 11 fibrocytes in the inferior portion of the spiral ligament and of subpopulations of fibrocytes in the suprastrial and supralimbal regions. Our observations agreed further with light microscopic immunostaining in displaying uniform gold labeling for Na,K-ATPase in the neurilemma of Type I spiral ganglion neurons, even though these cells are completely ensheathed by myelin. Surprisingly, the enzyme was detectable in the neurilemma of afferent but not that of efferent nerve processes beneath hair cells. ( J Hisrochem Cytochem KEY WORDS: Na,K-ATPase; Cochlea; Immunohistochemistry; Ion transport; Gerbil. &: [981] [982] [983] [984] [985] [986] [987] [988] [989] [990] [991] 1995 ) through ultrastructural immunogold cytochemistry for Na,K-ATPase, is essential to providing a clearer understanding of the specific cell mechanisms involved in generating and maintaining inner ear ion gradients and the endocochlear potential.
Materials and Methods
Animals and Tissue Preparation. Cochleas were obtained from 12 Mongolian gerbils (Merzones unguzculatzs) aged 3-6 months, which were born and raised in a quiet room. Similarly aged animals from this colony have been shown to have normal hearing by electrophysiologic testing (16, 23) . The handling and use of the animals were approved by the Medical University of South Carolina's Animal Care and Use Committee under NIH Grant Number DC00713.
Animals were anesthetized with IP urethane (1.5 g/kg) and exsanguinated by transcardial perfusion with 10 ml of a warm 0.9% saline solution containing 0.1% sodium nitrite, followed by 50 ml of fixative at room temperature (RT). Ears from four gerbils each were fixed with one of three different fmtive solutions: (a) 10% formalin in saline containing 0.5% zinc dichromate at pH 5.0 (zinc-formalin): (b) a mixture of 4% freshly depolymerized paraformaldehyde and 0.5 % glutaraldehyde in 0.1 M phosphate buffer (PB), pH 7.2; and (c) a mixture of 4% paraformaldehyde and 2% glutaraldehyde in PB. The cochleas were exposed and scalar perfusion was accomplished by gentle injection of 0.5 ml of one of the fixatives through the oval window after piercing the round window membrane. The ears were excised and immersed in fixative, and after a total fixation time of <1 hr, the scalae were flushed with PBS. After fixation, cochleas were decalcified 98 1 in 0.12 M EDTA solution. pH 7.0, for 4 days with gentle stirring at RT. 'The EDTA solution was changed daily.
For light microscopic immunohistochemistry, specimens fixed with the zinc-formalin solution were dehydrated through ethanols and embedded in Paraplast Plus (Curtin Matheson; Marietta. GA) as previously described (14.24). Paraffin sections were taken at 4 pm thickness in a midmodiolar plane showing all three turns of the cochlea.
For ultrastructural immunohistochemistry, specimens from the middle turn of the eight cochleas fixed with the mixture of 4% paraformaldehyde and 0.5% glutaraldehvdr were dehydrated and infiltrated with Lowicryl K4M at -2O'C before embedment in Beem capsules conraining K4M resin. The embedding medium was then polymerized under 360-nm W for 24 hr at -2O'C and 48 hr at RT as described previouslv (18.20.35) .
For ultrastructural morphology, specimens fixed with the 4% paraformaldehyde-2% glutaraldehyde mixture were post-fixed for 30 min with 1% Os04 in PB. The specimens were then dehydrated and embedded in Epon U-112 as described previously (31) . Silver-colored ultra-thin sections were picked up on copper grids and stained with uranyl acetate and lead citrate Immunohistochemistry. Immunostaining was performed with a rabbit polyclonal antiserum, 318. raised against the catalytic subunit of Na.K-ATPase isolated from bovine brain cortex. This antiserum recognizes all known a-and B-subunit isoforms of Na,K-ATPase (4.14.26.27). The procedures for light microscopic immunohistochemistry have been described in detail elsewhere (24, 32) . Briefly, they entailed immersing deparaffinized sections for 10 min in 3% H202 to block endogenous peroxidase, equilibration with PBS containing 1% normal goat serum (PBS-NGS). and then exposure overnight at 4°C to anti-Na.K-ATPase diluted 1:lOOO with PBS-NGS. The sections were then flooded for 1 hr at RTwith a 1:200 dilution of biotinylated goat anti-rabbit IgG (Vector Laboratories; Burlingame, CA), followed bv
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a 1-hr exposure to the avidin-biotin-horseradish peroxidase complex (Vectastain ABC kit; Vector) and a 7-min incubation in 3,3'-diaminobenzidine substrate medium.
Immunogold labeling for ultrastructural observation was accomplished on silver-to gold-colored ultra-thin sections picked up on formvar-and carbon-coated nickel grids (Ted Pella; Redding. CA) as previously described (18). The sections were equilibrated for 20 min with PBS-NGS and then reacted overnight at 4'C with antiserum against Na,K-ATPase diluted 1:lOOO with PBS-NGS. The sections were rinsed and incubated overnight at 4°C with a 1:50 dilution of goat anti-rabbit IgG adsorbed to the surface of 10nm colloidal gold particles (BioCell Research; Cardiff. UK). After washes with PBS and distilled water, sections were stained with uranyl acetate and lead citrate for 15 sec each and examined in aJEOL IOOS electron microscope.
Control sections were processed in parallel by replacing the primary antiserum with non-immune rabbit serum. foci of disrupted cytoarchitecture were observed in some marginal cells in the stria vasularis. The strial marginal cells displayed a relatively small apical surface area bordering the scala media and an amplified basolateral plasmalemma. Gold spherules demonstrative of Na.K-ATPase localized the enzyme along the basolateral plasma membrane, whereas the apical plasmalemma showed es-sentially no gold label (Figure 2a ). Where the borders of marginal cells, intermediate cells, and basal cells could be identified, the signal was clearly confined to the marginal cell membrane and was not demonstrable on any surface of basal or intermediate cells (Figures 2b and 3) .
Results
In the suprastrial and supralimbal regions, Na,K-ATPase was
:.. . Figure 5 . The plasmalemma covering cell processes of Type II fibrocytes (FC) beneath the spiral prominence shows strong selective immunoreactivity. GJ, gap junction. Bar = 0.5 pm.
located along the entire surface of fibrocytes bordering the scala vestibuli and of subjacent fibrocytes (Figure 4) . Similarly, Type I1 fibrocytes underlying the spiral prominence in the inferior portion of the spiral ligament showed a strong signal along the borders of their many processes (Figure 5 ) . with a slightly lower labeling density in the plasma membrane covering the main cell body. Outer sulcus epithelial cells had no labeling on their apical surface (Figure 6a) . light labeling along their smooth basal surface (Figure 6b ). and many more gold spherules on amplified membrane surfaces containing finger-like processes that frequently interdigitated with neighboring cells (Figures 6a and 6b) . Among neural elements, immunogold labeling for Na,K-ATPase was observed on the neurilemma of spiral ganglion cells that were interpreted as type I cells because of their relatively thick myelin coat and wide prevalence (Figure 7) . Satellite cells revealed light labeling. Gold particles also decorated the surface of afferent inner radial but not of efferent inner spiral fibers underlying inner hair cells (Figures 8a and 8b) . The afferent inner radial fibers differed from the efferent inner spiral fibers in their larger size and their content of large, elongated mitochondria ( Figure 9) (33) . No gold labeling was seen on the surface of inner or outer sensory hair cells (Figures 8a and 10) . Afferent nerve endings underlying outer hair cells also were labeled (Figure 10) .
Control sections in which non-immune rabbit serum was substituted for primary antiserum lacked gold spherules in all the sites shown here to contain Na.K-ATPase. lier enzyme histochemical studies (1,9,10,15.37) and with more recent immunohistochemical observations (7.14.24.26.36 ). The failure of strial basal cells to stain for Na,K-ATPase also was consistent with all previous histochemical observations.
Discussion
Results here showing abundant Na,K-ATPase in the basolateral plasma membrane of strial marginal cells and absence of the enzyme from luminal membrsne facing endolymph agree with ear- In the present study, emphasis was placed on examining the surface of strial intermediate cells for gold labeling, because discrepancies exist concerning localization of Na,K-ATPase in this cell type. The intimate association of the intermediate cells' plasma membrane with the Na,K-ATPase-rich basolateral plasmalemma of marginal cells makes it difficult to attribute specific immunostaining to intermediate cells at the level of resolution provided by light microscopy. In fact, distinguishing these membranes from each other has proven difficult even by electron microscopy.
Results of light microscopic studies are equivocal, as some employing in situ hybridization (21) or immunostaining (36) provided evidence for Na,K-ATPase in intermediate cells, whereas others utilizing immunohistochemistry did not (14,24,26) . Observed at high magnification. the plasmalemma of intermediate cells in the gerbil stria vascularis failed to show gold labeling. This finding differs from the ultrastructural immunohistochemical result of Iwano et al. (7) who, using similar methodology, pointed to the occurrence of Na,K-ATPase on the plasma membrane of intermediate cells facing the basolateral plasmalemma of marginal cells. The reason for this inconsistency is uncertain but could relate to differences in the specificity of the antibodies used or a species difference. The two prior studies reporting localization of the enzyme in intermediate cells in rat cochlea (7.36) employed monoclonal antibodies against the a-subunit isoform of rat kidney Na,K-ATPase, whereas in the present study the enzyme was visualized in gerbil cochlea using a polyclonal antiserum with affinity for both aand (3-subunit isoforms of Na,K-ATPase from bovine brain cortex.
On the other hand, the immunogold labeling observed by Iwano et al. (7) only in the region of the intermediate cells' plasma membrane juxtaposed to marginal cells could be attributable solely to marginal cells. Lack of appreciable Na,K-ATPase on intermediate cells is consistent with their derivation from neural crest (5.34). as other neural crest-derived cells fail to exhibit abundant Na.K-ATPase activity. Absence of large amounts of Na,K-ATPase on the surface ofthe intermediate cells also is more consistent with current cellular models of endocochlear potential generation in the lateral wall (26).
Suprastrial and supralimbal cells facing the scala vestibuli adjacent to the attachments of Reissner's membrane showed immunostaining for Na,K-ATPase over their entire surface, confirming observations with light microscopy (14.24). This distribution differed from that in marginal cells showing polarized distribution but resembled that of Type I1 fibrocytes of the spiral prominence. Like the Type I1 fibrocytes. the supralimbal and suprastrial cells lack intercellular connections by tight junctions and cannot form a barrier to ion diffusion between scala vestibuli and interstitium. The unique location of these cells at each end of Reissner's membrane may allow them to resorb K+ from perilymph of the scala vestibuli and surrounding interstitium and facilitate diffusion of the ion through gap junctional connections towards stroma underlying epithelial cells rich in Na.K-ATPase for active transport into endolymph (26).
The presence of Na,K-ATPase on the basolateral plasma membrane of the outer sulcus cells and over the entire surface of the Type I1 fibrocytcs in the spiral ligament point to another potential route of Na' and K* flux between blood and perilymph and/or pcrilymph and endolymph. The enzyme in the plasmalemma of the sulcus cells apparently takes up K+ which, given apical conductance, could efflux into endolymph in mchangc for Na*. The Type I1 fibrocytcs connected by gap junctions comprise a K' reservoir for supplying this ion to either strial marginal or outer sulcus cells.
Although enzyme histochemical and immunohistochemical staining of the unmyelinated afferent terminals and spiral ganglion cells has been observed in previous reports (9J4.24). the present ultrastructural mamination located the enzyme more precisely in the plasmalemma in these sites. Prior electron microscopic immunostaining detected the enzyme on outer spiral bundle fibers approaching outer hair cells ( 8 ) . Staining was interpreted as light on these cells because the antibody recognized the al-subunit isoform of Na.K-ATPase and the nerves were presumed to contain a different isoform. More recent immunohistochemical analyses in the cochlea have demonstrated the a3-subunit isoform on nerve terminals and the al-subunit isoform on satellite cells (14).
The high resolution achieved here permitted distinguishing the antibody-reactive surface of the afferent inner radial fibers beneath inner hair cells from the unreactive efferent inner spiral fibers. The presence of Na,K-ATPase selectively on afferent fibers and terminals concurs with the presence in the afferents of more abundant mitochondria requisite to supplying energy for the ATPase. These observations suggesr that biological activities underlying nerve impulse conduction differ between afferent and efferent nerves. The difference in Na.K-ATPase content attests ro a greater capacity on afferent compared with efferent nerves for effluxing Na' in the course of nerve repolarization. Such heightened Na' transport could mediate the higher spontaneous and driven firing rates of afferent vs efferent auditory nerves (13). -.- -I .
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